Introduction and hypothesis Consensus on normal translabial ultrasound (TL-US) anal sphincter complex measurements for postpartum women is lacking. We aimed to evaluate normative measurements in 2D and 3D TL-US for the anal sphincter complex (ASC) at 6 months postpartum and compare these measurements in women who had a vaginal birth (VB) and in those who had a Cesarean delivery (CD). Methods A large, prospective cohort of primiparous women underwent 2D and 3D TL-US 6 months after their first delivery. For normative sphincter measurements, we excluded women with third-or fourth-degree lacerations or with sphincter interruption on TL-US. Measurements included the sphincter thickness at the 3, 6, 9, and 12 o'clock positions of the external anal sphincter (EAS) and the internal anal sphincter (IAS) at proximal, mid, and distal levels. We also measured the mean coronal diameter of the pubovisceralis muscle (PVM). Results 696 women consented to participate, and 433 women presented for ultrasound imaging 6 months later. Women who sustained a third-or fourth-degree laceration had significantly thicker EAS measurements at 12 o'clock. Sphincter asymmetry was common (69 %), but was not related to mode of delivery. Only IAS measurements at the proximal and distal 12 o'clock position were significantly thicker for CD patients.
Introduction
Damage to the anal sphincter complex (ASC) during childbirth can result in long-lasting bowel control problems following delivery [1, 2] . Three fourths of the cases of fecal incontinence (FI) follow some type of sphincter injury [3] . Gaps in knowledge about how muscle integrity corresponds to normal changes after a birth may contribute to the disappointing results seen in attempts at surgical correction of sphincter defects [4] . Estimates of sphincter injury rates vary widely and occur more commonly in women who undergo forceps deliveries [5] [6] [7] . Damage to the anal sphincter complex has been associated with fecal incontinence symptoms, with different locations and extent of muscle injury having different effects on symptomatology [7] [8] [9] [10] .
Ultrasound imaging is considered a reliable, cost-effective, and widely available method of evaluating ASC integrity [11] [12] [13] , and ASC ultrasound imaging is vital to the diagnosis and treatment of anal disorders [14] . Unfortunately, normal values for thickness of the anal sphincter musculature are not well established. A standard method of evaluating ASC damage and objective measurements that constitute a "normal" ASC thickness would aid in the description and diagnosis of ASC damage following birth. Past studies have generated nomograms from small cohorts of patients [7, [15] [16] [17] , but the heterogeneity of patient populations and inconsistent imaging modalities (translabial, transperineal, and endoanal) in these studies are notable barriers to establishing normal findings postpartum [18] .
Normative sphincter measurements may differ based on the mode of delivery. A common hypothesis is that Cesarean delivery would better preserve pelvic musculature, resulting in thicker measurements of the ASC and levator ani during postpartum ultrasound evaluation. While it has been shown that pelvic organ dysfunction is associated with levator damage and birth trauma, it has not yet been consistently found that women delivering by Cesarean section have different postpartum anal sphincter anatomy from women delivering vaginally [19, 20] . It is not known what specific ultrasound findings can be expected in a large population of women who have undergone vaginal birth (VB) as opposed to a Cesarean delivery (CD).
The aim of this study was to establish normal measurements of the ASC and PVM using TL-US in primiparous women 6 months postpartum and compare these measurements between women who had differing modes of delivery.
We consider normative measurements of the anal sphincter to be measurements in women who have not sustained a third or fourth degree interruption and are not found to have interrupted sphincters on imaging. We hypothesized that normative values for muscle thickness could be established in this large population undergoing 2D and 3D TL-US imaging, and that these measurements would be thinner in some locations for women who had a VB versus women who had undergone a CD.
Materials and methods
This study is a planned secondary assessment of data collected as part of a parent study designed to evaluate postpartum pelvic floor changes following delivery of a first child. Nulliparous, healthy women who presented to prenatal care with the University of New Mexico midwives were recruited prenatally and an additional cohort who delivered their first child by CD without entering the second stage of labor were recruited immediately postpartum. This study was approved by the University of New Mexico Health Sciences Center Internal Review Board (IRB). Informed written consent was given by all participants.
Labor and maternal characteristics were gathered at the birth and included a detailed examination of all lacerations to the genital tract sustained during delivery. Women with a second degree perineal laceration or higher were evaluated by a second examiner to ensure that the lacerations were graded appropriately. All third and fourth degree lacerations were repaired at the time of delivery, with standard repair methodology including identification and repair of the IAS with polygalactin sutures and repair of the EAS in an end-to-end or overlapping fashion with PDS suture.
All study participants were scheduled to undergo 6-month postpartum 2D and 3D TL-US imaging of the ASC. Women who presented for 6-month postpartum ultrasound were also encouraged to undergo endoanal ultrasound during that examination, although this paper will be focused solely on the translabial ultrasound findings. Examinations were performed in the lithotomy position. All examinations were performed by one of the principal investigators (RH) or by fellows in the field of pelvic medicine who were directly supervised by this investigator. All sonographers were blinded to the patients' delivery history.
Our methodology has been previously described and found to have high inter-rater reliability; thus, this protocol was used for imaging the ASC in this study [17] . We acquired all 2D and 3D measurements and 3D volume sets using the GE E8 ultrasound system with the 5-to 9-MHz endovaginal transducer (Milwaukee, WI, USA) or the Phillips IU22 with the 4-to 8-MHz endovaginal transducer (Bothell, WA, USA). The endovaginal transducer was placed at the introitus in a transverse plane, angling nearly perpendicular to the floor. With transducer angle manipulation from superior to inferior, the ASC was seen at multiple planes, the proximal, mid, and distal levels of the ASC (Figs. 1, 2 and 3 ). This has been described in previous studies regarding levels of the rectum [21] . The proximal level was the IAS just distal to the anal angle, the mid level was the location at which the pubovisceralis muscle (PVM) could be seen passing posteriorly to the IAS, and the distal level was the level at which the IAS and EAS were optimally imaged together. Each 2D and 3D volume set was stored in the PACS system of our imaging center.
We made a full survey of the IAS and EAS complex, which included visualization of the PVM, in 3D imaging in order to select the best plane and location in which to make measurements of muscle thickness. Measurements in a transverse plane included 1) 2D Anterior Posterior (AP) diameters of the 12, 3, 6, and 9 o'clock positions of the IAS at proximal, mid and distal levels, 2) 2D AP diameters of the 12, 3, 6, and 9 o'clock EAS, and 3) 2D and 3D pubovisceralis muscle AP diameter. The transducer was then turned 90°from the axial plane to a mid-sagittal plane to acquire 3D volume sets. Volume sweeps were made with a 75°sweep angle and high quality resolution (slow sweep). Comparative 3D translabial measurements of the IAS/EAS complex at 12, 3, 6, and 9 o'clock at proximal, mid and distal levels were obtained from the volume set, as was the widest bilateral AP diameter of the transverse pubovisceral muscle (PVM). This widest bilateral AP diameter of the PVM was consistently at 4 and 8 o'clock at the mid IAS level as described by previous authors [15, 22] . 2D TL-US and 3D TL-US measurements with squeeze and with Valsalva were also obtained.
We describe 3D planes as being related to the specific anatomy being measured versus the body, because the position of each of the pelvic floor structures was not aligned with 3D rotated planes. Though some ultrasound imaging and MRI authors describe ultrasound cuts to the body plane [7] , we describe planes (i.e., the axial plane) relative to the organ being measured (i.e. the rectum) rather than relative to the body, thus accounting for the variation in locations of all anatomical structures. This is consistent with standard practice in diagnostic ultrasound imaging, and is described in this manner by other authors measuring the anal sphincter complex [15] .
No measurements were obtained when compromised resolution demanded that specialty imaging techniques, such as slice thickness (volume contrast imaging), be used. We acquired all our 3D volume sets in the midline sagittal plane (A Plane). Our 3D ASC measurements were taken at the plane transverse to the midline sagittal plane (B Plane) and we utilized these planes and the coronal plane (C Plane) to manipulate the images and correctly align the overall volume. To properly maximize the pubovisceralis thickness and measure the perimeters of the inner and outer planes, the volume set was manipulated by X, Y, and Z axis rotations. We chose to produce a subset of short field of view (FOV) 2D and manipulated 3D in order to optimize the thickest transverse PVM cut. Our described PVM images are most optimally measured at the pivotal 4 and 8 o'clock locations, which is seen best at the mid IAS level on 2D and the B Plane on 3D. This study did not include the coronal view of the hiatus, where much of the described avulsion pathology has been noted, as we purposely decreased our FOV to increase resolution.
We defined muscle interruption as a complete discontinuity in the muscle at a given location. The definition of sphincter asymmetry was a measurement in one muscle quadrant (3, 6, 9, or 12 o'clock) that was <50 % of the mean of the measurements for the other three quadrants for that muscle at that level. An intact PVM was defined as a continuous and symmetrical pubovisceralis muscle sling immediately surrounding the rectum, not the anterior attachment of this muscle. Women with third-or fourth-degree lacerations at the time of delivery or complete IAS or EAS interruption on 6-month postpartum TL-US were excluded from analysis of normative measurements for the anal sphincters.
As this was a secondary analysis of a larger study evaluating postpartum pelvic floor changes, the study was initially powered for a parent study that is still in progress. Normative ultrasound measurement values are reported as means ± standard deviations separately for each mode of delivery. Continuous variables were compared using t tests. Categorical variables were compared using Chi-squared analysis or Fisher's exact test. All statistical analysis was performed using SAS programming.
Results
Between July 2006 and December 2011, 782 women consented prenatally and post-Cesarean delivery to participate, 696 of whom delivered at the University of New Mexico: 448 delivering by VB, 246 delivering by CD, and 2 women deemed ineligible after recruitment owing to the discovery that they had had preterm vaginal births at <37 weeks' gestation. There was 1 forceps delivery, 25 vacuum deliveries (6 % of VB), and 8 episiotomies (2 % of VB) in this study. Of women who had CD, the majority were recruited postoperatively and never entered the second stage of labor. Of women who had a CD, 93 were patients of the midwifery practice who entered the first stage of labor and proceeded to have a CD, and 155 were patients who had a CD and were recruited postpartum. Only 24 midwifery patients entered the second stage and pushed prior to having a CD; these 24 women were analyzed in the CD group and none of them sustained a third-or fourth-degree laceration or had interruption of the sphincters on their 6-month postpartum ultrasound imaging. Thus, 90 % of the CD group never entered the second stage of labor.
Of women eligible to undergo an ultrasound examination at 6 months postpartum, 433 out of 694 (62 %) presented for ultrasound imaging (299 VB and 134 CD). Women who presented for ultrasound had more years of education (13.99±2.74 vs 13.53±2.86 years, p =0.04) and were more likely to have undergone a VB than women who did not present for 6-month postpartum ultrasound (69 % vs 56 % VB, p <0.01), but were otherwise similar in baseline characteristics. Women who had a CD were significantly older, had a significantly higher prepregnancy BMI, and were more likely to have had an epidural or received oxytocin than women who had VB (Table 1) .
Second observers were present for 91 out of 151 (60 %) of second degree or greater lacerations (n =129 second degree, n =19 third degree, and n =3 fourth degree lacerations) at the time of delivery, with 98 % agreement between observers. The rate of third and fourth degree lacerations in women with a VB in the study population was 4.9 % (22 out of 448). The rate of third-and fourth-degree lacerations in the population of women with VB who later presented for 6-month postpartum ultrasound was 6.5 % ( There were no significant differences in the rates of an intact IAS or intact EAS between CD and VB women at any location on TL-US. In nearly all women (99 %) the distal IAS and EAS were visualized. The rate of intact distal IAS was similar in CD and VB women (96 % vs 94 %, p =0.33), and 99 % of both CD women and VB women had an intact EAS at 12 o'clock. None of the women had a disrupted sphincter on any other quadrants of the EAS (3, 6, or 9 o'clock).
Women who sustained a third-or fourth-degree laceration were not more likely to have an ultrasound-recognized Four hundred and twenty-three women (291 VB and 132 CD) had sphincter measurement data on 6-month postpartum ultrasound, and 368 of these patients (87 %; 242 VB and 126 CD) were eligible for normative measurement analysis of the anal sphincters. Women who sustained third-or fourth-degree lacerations (n =19) or had interrupted sphincters on 6-month postpartum ultrasound imaging (n =36 additional women) were excluded from the normative value analysis of the anal sphincters. As mentioned above, there were two women who sustained third degree lacerations and showed interruption of sphincters on the 6-month postpartum imaging. For the IAS, measurements did not differ significantly between women who had VB and women who had CD, with the exception of the 12 o'clock position at the proximal and distal IAS ( Table 2 ). There were no significant differences in normative values of EAS measurements between CD and VB women.
Normative values of PVM measurements were established for the 426 women who had 2D or 3D TL-US measurements of this muscle (294 VB and 119 CD); there were no significant differences between women who had CD and VB (Table 3 ). All women with a CD delivery and 97 % of women who had VB had PVM visualized and intact bilaterally; there were no significant differences in the rate of an intact PVM at rest or with pelvic maneuvers between CD and VB women.
Since the occurrence of sphincter separations was low, we explored the rates of asymmetry of the ASC sphincter muscles in the VB and CD groups. As noted above, we defined asymmetry of a muscle as measurement of one quadrant of muscle <50 % of the mean of other quadrants. Asymmetry in some level of some muscle was observed in 292 women, 233 of whom had asymmetry of the EAS. Neither rate of asym- 
Discussion
We found that there are few differences in normative sphincter measurements between VB and CD for primiparous women exposed to low levels of episiotomy and operative vaginal birth. Measurement of IAS muscle thickness ranged from 1.90 to 2.37 mm, and for the EAS from 2.03 mm to 4.09 mm, and most measurements were similar between VB and CD. The exception was the IAS at the 12 o'clock location, which is significantly thinner proximally and distally in women who have had a VB. The clinical utility of these measurements is that, with the exception of very small differences in these two isolated locations, the average sphincter measurements of normal women without sphincter interruption should be considered similar regardless of mode of delivery. We found that the majority of women have some asymmetry of their anal sphincter complex, as measured by 2D TL-US. We explored asymmetry as a possible surrogate for partial damage in the anal sphincter muscles, but its lack of association with delivery mode supports that asymmetry is not a marker for partial disruptions. This study joins other research indicating that sphincter thinning or asymmetry, particularly at the 12 o'clock position, is not merely a product of birth injury or mode of delivery [23, 24] . An ultrasound study of 55 nulliparous women described thinner EAS measurements at the 12 o'clock position, indicating that this asymmetric anatomy is present even when no pregnancy or delivery has occurred [23] . The clinical significance of a thinner muscle is also unclear, as some studies show that the sphincter measurements may not relate to incontinence and that the anterior EAS may be naturally shorter than the remainder of the muscle in the absence of any injury [24] . Studies investigating sphincter anatomy in women should take into account the frequency with which notable asymmetry is seen, and not establish the normalcy of sphincter anatomy based on only one quadrant.
The field has not clearly established normative measurements of thickness for the anal sphincter musculature, particularly for women with differing modes of delivery. Prior series have been smaller, included a wide range of age and parity for women, and in some instances included men [16, [24] [25] [26] . Research demonstrates that women naturally have shorter sphincters than men [15] and their sphincter thickness changes with age [26] . The role of parity in sphincter thickness and anal symptoms is also unclear [4, 24, 25] . Despite these issues, we compared our data with past ultrasound measurements of the ASC. Nearly two decades ago, examiners used a "pseudo-3D" method of measuring the ASC at multiple levels to determine a mean EAS thickness of 3.5 mm and a mean IAS thickness of 2.3 mm [16] . A more recent transperineal ultrasound study of 139 postpartum, primiparous women established mean IAS measurements of 2.6 mm, 2.55 mm, 2.6 mm, and 2.72 mm at 12, 3, 6, and 9 o'clock respectively, and EAS measurements were nearly twice that thickness at 4.15 mm, 4.2 mm, 4.21 mm, and 4.20 mm at 12, 3, 6, and 9 o'clock respectively [27] . A smaller study using transperineal ultrasound measured the IAS at 2.3-2.9 mm and the PVM at 6.4-6.5 mm [22] .
The findings in the present study were similar to these past measurements of the IAS. However, our EAS thickness measurements (2.03-4.09 mm) were somewhat smaller than in these previous reports, especially at the 12 o'clock position, and our PVM measurements were somewhat larger (6.90-8.22 mm). This may be due to our protocol of translabial imaging, although this methodology had been found to have high inter-rater reliability in a prior study [17] . These differences may also be due to the particular characteristics of the low-risk population in this study. Interestingly, our EAS thickness values were quite similar to prior reports with MRI [28, 29] .
The present study did not find any significant difference in PVM thickness between women who have had a CD and those who have undergone VB. Imaging studies demonstrate that levator avulsion is more common in women who have VB and nearly absent in women who undergo CD [30] , but few studies explore if there is PVM thinning resulting from birth injury. There is evidence that pelvic floor dysfunction is associated with parity regardless of mode of delivery. However, a past TL-US study shows that pelvic organ descent is progressively worse from CD to VB to operative vaginal birth [31] . A plethora of research upholds that levator avulsion, an injury connected to vaginal parity, is highly correlated with pelvic organ prolapse and pelvic organ descent [8, 28] . We did not specifically set out to investigate levator avulsion and measured only PVM thickness; thus, we may not have captured all clinically relevant levator damage.
We detected almost no measurement differences between women who had sphincter laceration at delivery and those who did not. The notable exception was an increase in sphincter thickness at the 12 o'clock EAS in women who sustained and had repair of a third-or fourth-degree laceration. This unexpected finding may be due to post-repair scar formation or subsequent healing, and could represent a population that had adequate EAS laceration repair. This population was at low risk of severe lacerations partly because the very low rate of episiotomy and operative delivery in this study. The rarity of these lacerations also makes it difficult to establish their effect in a population of this size. These data revealed 5 women with the interesting finding of a sphincter interruption on ultrasound 6 months after a Cesarean delivery. Non-continuity of the sphincter in these women may be an anatomical defect that occurred before their delivery or because of non-obstetrical trauma. This could also be an error of the imaging methodology, although image datasets were rereviewed by the authors and disruptions were still noted.
A strength of the present study is the exclusion of any sphincter interruption, either by severe laceration or any interruption of the muscle on postpartum ultrasound, from the establishment of normative sphincter measurements. This study is also one of the first to investigate the normative measurements of the ASC compared in VB and CD women. Furthermore, we distinctly defined the level and orientation of ultrasound measurements, something that is often not delineated beyond the EAS in other studies [18, [23] [24] [25] [26] [27] .
The protocol of the parent study did not allow for us to perform antepartum ultrasound measurements in this population for comparison with the postpartum measurements; thus, we acknowledge this as a limitation to this data set. Also, the generalizability of this study is limited by its single-institution design and the restriction to only primiparous women. The VB population in this study was also delivered mostly by midwives with low rates of operative vaginal birth and episiotomy, thus, it may not be generalizable to all obstetrical populations. Also, the tendency for more educated women or women with VB to present for postpartum ultrasound may have biased our results. Despite these limitations, nearly all of the women who presented for postpartum ultrasound imaging had their sphincters both visualized and measured, furthering the hypothesis that TL-US modalities can be used effectively for postpartum evaluation of the pelvic floor musculature.
This study establishes normal expected values for ASC measurements on TL-US imaging for primiparous women who have undergone either CD or VB. There are few measurement differences between the modes of delivery, with the exception of the IAS measurements proximally and distally at 12 o'clock. This study indicates that normative values in primiparous women can be considered similar regardless of mode of delivery. This study also establishes that muscle asymmetry is common and should be considered in future research investigating sphincter anatomy. The establishment of normative values can aid our field in determining the clinical significance of measurements that fall outside normal ranges.
